The unmethylated CpG motifs within E. coli DNA (EC) cause immune stimulation. In contrast, mammalian DNA such as calf thymus (CT) DNA had been thought to be immunologically inert. In this article, we demonstrate that CT DNA unexpectedly specifically inhibits the immune activation by EC but not that by endotoxin. This inhibitory effect was mediated in the signaling pathway activated by EC since CT DNA markedly inhibited the CpG-induced nuclear translocation of the transcription factors, NF-B and AP-1. In addition, CT DNA significantly inhibited the synergistic immune activation by EC and endotoxin. The mechanism of the inhibition by CT DNA probably did not involve the inhi-
Introduction
Bacterial DNA stimulates B cell activation and immunoglobulin secretion, 1 activates natural killer (NK) cells, induces interferon ␥ (IFN␥) secretion and confers resistance to tumors in vivo. 2, 3 In contrast, vertebrate DNA had been considered to be immunologically inert. Bacterial genomes and vertebrate genomes are different in the frequency and methylation status of CpG dinucleotides. CpG dinucleotides in bacterial genomes generally occur at a frequency of about 1/16 as predicted by random base utilization and are unmethylated. In contrast, CpG dinucleotides in vertebrate DNA are suppressed to a frequency of only 1/50-60, almost all of which are methylated. 4 It is believed that unmethylated CpGs in the context of certain sequences in bacterial DNAs are responsible for their immune stimulatory effects. 5 For example, CpG dinucleotides are important in eliciting immune responses by DNA vaccines. If the CpG dinucleotides are deleted or methylated, the immune responses are significantly reduced. [5] [6] [7] However, the same CpG dinucleotides within plasmids are responsible for inflammation in vivo. 8 The administration of plasmid DNA complexed with liposome in vivo induces the production of a large amount of inflammatory cytokines, which can be responsible for toxic effects. 9, 10 Instillation of bacterial DNA bition of the cellular uptake of EC. Using a CpG-depleted plasmid, we demonstrated that CpG methylation played an important role in the inhibition by CT DNA. Compared with unmethylated plasmid DNA, CpG-methylated DNA inhibited the immune activation by EC to the same extent as did CT DNA. Importantly, the inhibitory effect of CT DNA was also observed in vivo. Our results suggest that methylated DNA may be applied to alleviate the unwanted immune stimulation and inflammation in systemic inflammatory response syndrome and in gene therapy with plasmid DNA. Gene Therapy (2001) 8, 1024-1032.
intratracheally elicits inflammatory responses in the mouse lower respiratory tract. 11 Injection of bacterial DNA containing CpG motifs into knee joints induced a transient arthritis in mice. 12 Furthermore, bacterial DNA potentiated the toxicity of lipopolysaccharide (LPS) and might play a role in the systemic inflammatory response syndrome. [13] [14] [15] The inflammatory responses elicited by CpG DNA are a major obstacle in the safe application of plasmid DNA to gene therapy. 9, [16] [17] [18] Although the immune stimulatory effects of CpG DNA have been extensively studied, there are only limited reports regarding how to inhibit the immune stimulation induced by CpG DNA. Recent reports showed that DNA sequences such as calf thymus (CT) DNA, human placenta DNA and synthetic phosphodiester or phosphorothioate oligonucleotides containing poly Gs were able to inhibit the immune activation by bacterial DNA. 19, 20 The inhibition of DNA uptake through macrophage scavenger receptor was responsible for their inhibitory effects. Dexamethasone and antimalarial compounds such as chloroquine were shown to be able to inhibit the immune activation by CpG DNA. 17, 18 In this article, we investigated whether certain elements of the immunologically inert vertebrate DNA could also inhibit the immune activation by bacterial DNA. We found that calf thymus DNA inhibited the immune activation by E. coli DNA (EC) and that CpG methylation played an important role in the inhibitory effect by blocking the activation of NF-B and AP-1 without affecting the EC uptake.
Results
Inhibition of E.coli DNA-induced cytokine production by CT DNA Bacterial DNA has been shown to possess immune stimulatory effects due to the high frequency of unmethylated CpG dinucleotides in the genome. By contrast, mammalian genomic DNA has been thought to be immunologically inert because it contains a lower frequency of CpG dinucleotides, most of which are methylated. To determine whether the presence of CT DNA would affect the immune stimulation induced by EC, we mixed CT DNA and EC at a 1:1 ratio and added them to spleen cell or RAW 264 cell cultures. After incubation for the indicated time, cytokines in the supernatants were determined by ELISA. Since IFN␥ and TNF␣ induced by plasmid DNA were shown to inactivate gene expression and since neutralizing Abs against these cytokines prolonged the duration of gene expression, 16 IFN␥ and TNF␣ were used as indicators to show whether immune activation by EC was suppressed. As shown in Figure 1a , CT DNA can significantly inhibit IFN␥ induction by EC. By contrast, the plasmid pGT, in which the CpG motifs were largely depleted by mutation (see Materials and methods section) but were not methylated, was not immune stimulatory by itself under these conditions, and only minimally inhibited IFN␥ secretion. Similarly, CT DNA could inhibit TNF␣ secretion induced by EC while pGT did not under these experimental conditions (Figure 1b) .
Since CT DNA is a large molecule, it is possible that it can physically interfere with the interaction between spleen cells and the stimulatory EC. To explore this possibility, we digested CT DNA with restriction enzyme PstI into fragments of average size of about 4 kb and mixed the purified DNA mixture with EC. As shown in Figure  1 , digested CT DNA is also inhibitory, suggesting that it is not simply the size of CT DNA that is responsible for the inhibition. In addition, the inhibition of EC by CT DNA or CT DNA digested by PstI was dose dependent as shown in Figure 2 . Although the EC had levels of endotoxin too low to account for the observed stimulation of cytokine production, some experiments were performed using spleen cells from C3H/HeJ mice to exclude any role of LPS. When spleen cells were stimulated with increasing doses of EC, their secretion of IFN␥ was correspondingly increased and the addition of a fixed 4 g/ml of CT DNA is still partially inhibitory even when 32 g/ml of EC were added (Table 1) . In order to determine the structural requirements for inhibition, we tested other nucleic acids for any effect on EC-induced cytokine production. Interestingly, another vertebrate DNA, salmon sperm DNA exerted a similar inhibition on the immune activation by EC. In contrast, yeast tRNA and denatured CT DNA were not inhibitory ( Table 2) .
Failure of CT DNA to inhibit the uptake of stimulatory DNA There is a possibility that CT DNA could inhibit the immune activation by EC through competitive inhibition of the uptake of EC by spleen cells, which is believed to be the first step in immune stimulation by EC. 5 Indeed, previous studies have suggested that binding of oligos to the scavenger receptors is required for their immune stimulatory activities and that scavenger receptor competitors such as poly-Gs and fucoidan are inhibitory on the immune activation by EC and CpG ODN. [19] [20] [21] Several experiments were performed to explore the possibility of uptake inhibition in more detail. First of all, EC and CT DNA were mixed at a 1:1 ratio starting from 4 g/ml and the mixture was serially diluted. Spleen cells were incubated with the DNA mixture for 24 h and the IFN␥ concentration in the supernatants was measured. CT DNA at concentration as low as 0.125 g/ml was still inhibitory (Figure 3) , suggesting that the mechanism of inhibition may not simply be the inhibition of the spleen cell uptake of EC by CT DNA. Secondly, when CT DNA was added to spleen cell culture half an hour after EC, inhibition was still observed although not as strong as when they were added simultaneously (Table 3) . Thirdly, we injected mice with 2 g (dissolved in 50 l normal saline) pCMV-luc, a mammalian expression vector encoding luciferase in the presence or absence of CT DNA intramuscularly at a 1:1 ratio. Three days after injection, (8) 5565 ± 228 EC (16) 4839 ± 183 EC (32) 6033 ± 472 EC (4) + CT DNA (4) 1187 ± 266 EC (8) + CT DNA (4) 3322 ± 23 EC (16) + CT DNA (4) 2707 ± 209 EC (32) + CT DNA (4) 4169 ± 962
Balb/c spleen cells (5 × 10 6 /ml) were stimulated with increasing dose of EC (4-32 g/ml) in the presence or absence of CT DNA at 4 g/ml. After 24-h incubation at 37°C, the concentration of IFN␥ in the supernatant was measured by ELISA. /ml) were stimulated with EC (4 g/ml) in the presence or absence of different other DNAs (4 g/ml). After 24-h incubation at 37°C, the concentration of IFN␥ in the supernatant was measured by ELISA. EC (boiled) and CT DNA (boiled) were boiled at 100°C for 10 min and chilled in ice for 5 min to denature the DNAs. EC (4 g/ml) was added to spleen cell culture (5 × 10 6 /ml). Thirty minutes after incubation, different amounts of CT DNA were added. The concentration of IFN␥ in the supernatant was determined 24 h later. the quantity of luciferase expression in mouse muscle was determined. As shown in Figure 4 , there was no difference in luciferase expression between mice injected with pCMV-luc alone or together with CT DNA, suggesting that CT DNA did not interfere with the uptake of plasmid pCMV-luc. To assess further whether CT DNA could inhibit the uptake of EC, we labeled EC with fluorescein-12-dUTP and incubated spleen cells with 4 g/ml of fluorescein-labeled EC with or without 4 g/ml of CT DNA. Two hours after incubation, the cells were analyzed with FACScan. As shown in Figure 5 , the uptake of fluorescein-labeled EC was not affected by the presence of CT DNA.
The inhibition of CT DNA on the activation of NF-B and AP-1 by E. coli DNA Since the inhibitory effect by CT DNA was less likely to occur extracellularly, we next examined whether CT DNA could inhibit the immune activation by EC at the transcriptional level. Transcription factors NF-B and AP-1 were recently shown to be activated by CpG DNA. [22] [23] [24] [25] The activation of these transcription factors is thought to mediate cytokine induction by CpG DNA. In order to understand the mechanism of the inhibitory activity of CT DNA on spleen cell stimulation by bacterial DNA, we determined the effect of CT DNA on the nuclear translocation of NF-B and AP-1 in murine spleen cells. As expected, both LPS and EC induced the nuclear translocation of NF-B and AP-1 6 h after stimulation. While CT DNA itself little affected the activation of NF-B and AP-1, it inhibited the nuclear translocation of NF-B and AP-1 induced by EC. In contrast, CT DNA did not or only minimally inhibited that induced by LPS ( Figure 6 ). Competition experiments confirmed the specificity of NF-B and AP-1 bands, while supershift experiments showed that CT-DNA preferentially affected p50/p65 heterodimer nuclear translocation and c-Jun/ c-Fos induction (data not shown).
The role of CpG methylation in mediating the inhibition of E. coli DNA There are two major differences between EC and CT DNA. First, EC contains a higher frequency of CpG dinucleotides than CT DNA because of CpG suppression in the latter. Second, most CpGs in CT DNA are methylated. Since the unmethylated plasmid pGT also contains less CpGs but is not inhibitory (Figure 1 ), we hypothesized that CpG methylation might play a role in the inhibition of immune activation by EC. To investigate this possibility, we methylated pGT with SssI methylase and repeated the above inhibition experiment. As shown in Figure 7a , pGT itself could not efficiently inhibit the stimulatory effect of EC, whereas the CpG-methylated pGT significantly inhibited IFN␥ secretion induced by EC. To demonstrate that the methylation at the specific C of CpG was responsible for the inhibition, we methyl- ated pGT with MspI methylase, which methylated the external C of CCGG. As shown in Figure 7b , while CpGmethylated pGT was inhibitory, pGT methylated by MspI methylase was not, indicating that the inhibition requires specific CpG methylation and that the inhibition of the uptake of bacterial DNA may not be the mechanism for the inhibition of EC immunostimulation by CpG-methylated plasmid. In this experiment, spleen cells from C3H/HeJ mice were used to exclude any effect of LPS.
The inhibition of CT DNA on the synergistic immune stimulation by LPS and EC During gram-negative bacterial infection, both LPS and bacterial DNA may be released and can affect the host immune system. We found that there was a synergy between EC and LPS in stimulating the immune response (Figure 8 ). Since CT DNA was shown to be able to inhibit the stimulatory effect by EC, we were interested to know whether CT DNA could also inhibit the synergy. As shown in Figure 8 , CT DNA inhibited the immune stimu- 
Figure 9 Calf thymus DNA inhibits the stimulatory effect of EC in vivo. Balb/c mice (three in one group) were injected i.p. with EC (100 g per mouse), EC (100 g per mouse) plus calf thymus DNA (100 g per mouse) or PBS. Four hours later, the same injections were repeated as before. One hour after the last injection, mice were bled and the concentration of TNF␣ in the serum was measured by ELISA. The experiment was repeated three times with similar results. The difference between the concentrations of TNF␣ in the sera of mice treated with or without CT DNA is statistically significant (Student's t test, P Ͻ 0.01).
lation by EC but not that by LPS. In addition, CT DNA could also abolish the synergy between LPS and EC.
The inhibitory effect of CT DNA on the immune stimulation by EC in vivo To determine whether CT DNA could also inhibit the stimulatory effect of EC in vivo, we injected i.p. EC with or without CT DNA into Balb/c mice and measured cytokine secretion in the blood. Since a single i.p. injection of a mouse with 100 g EC was not able to induce a significant increase in TNF␣ production, we injected mice two times at a 4-h interval. One hour after the last injection, mice were bled and TNF␣ concentration in the sera was determined by ELISA. As shown in Figure 9 , the injection of EC alone stimulated strong release of TNF␣ in the circulation. The addition of CT DNA significantly inhibited TNF␣ secretion (Student's t test, P Ͻ 0.01).
Discussion
CpG stimulatory motifs are reported to play an important role in the immunogenicity of DNA vaccines. 6, 7 However, when plasmid DNA is exploited in gene therapy, the immune activation by these motifs can give rise to serious adverse effects in the host. For example, the presence of CpG motifs in gene therapy vectors can elicit cytokine secretion in vivo. 26 When plasmid DNA complexed with liposomes was delivered into the lung or intravenously, it induced an influx of leukocytes and proinflammatory cytokines such as IFN␥, IL-12 and TNF␣. These inflammatory responses reportedly resulted in the toxic effects. 9, 16 The cytokines induced by plasmid DNA may also be responsible for the inhibition of gene expression. It has been reported that TNF␣ and IFN␥ inhibit CMV promoter activity and thus may attenuate gene transcription. [27] [28] [29] [30] For example, TNF␣ can markedly inhibit luciferase expression in mouse lung endothelial cells. 16, 17 Administration of antibodies against IFN␥ and TNF␣ enhanced and prolonged gene expression in vivo. 16 These studies demonstrated the desirability of finding new ways to reduce or eliminate CpG-induced immune stimulation. Currently, there are several possible ways to inhibit the immune activation induced by plasmid DNA. For example, methylation of CpGs in a gene therapy vector can abolish immune responses but it also severely reduces the promoter activity and thus decreases gene expression. 8, 31 In addition, even when the protein-coding sequences are methylated with the promoter intact, the expression can still be significantly impaired. 32 Mutation of CpG motifs can reduce the immune activation by plasmid DNA to about 50%. 18 However, not all of the 200 or more CpG motifs in a typical plasmid can be mutated without deleterious effects: changing the sequence close to the plasmid replication origin can make plasmid replication inside bacteria far less efficient. 18 This would hamper the large-scale production of plasmid DNA. Unfortunately, insertion of the previously described neutralizing motifs into plasmid DNA was not potent enough to inhibit the strong stimulation by plasmid DNA. 4, 19, 33 Interestingly, the administration of antimalarial drugs or dexamethasone can also significantly inhibit the immune activation by plasmid DNA and enhance gene expression. 17, 18 However, since the adverse effects of these drugs remain a concern in clinical application, it is desirable to find additional inhibitory elements to suppress the immune activation and enhance gene expression.
In this article, we focused on a new avenue to inhibit cytokine production induced by EC. Our data suggest that CpG methylation is responsible for the inhibitory effects of CT DNA. This inhibition is CpG specific. Only when CpG is methylated can the plasmid DNA exert its inhibition on the immune stimulation by EC, whereas the methylation of the external C of CCGG had little effect. In addition, CT DNA, while inhibitory on the immune activation by bacterial DNA, had no effect on that by LPS, suggesting the specific inhibition of bacterial DNA. Importantly, CT DNA was also effective in inhibiting immune activation by EC in vivo (Figure 9 ). Our results indicate that vertebrate DNA may have therapeutic effects in the systemic inflammatory response syndrome where the inhibition of the immune activation by bacterial DNA can abolish its synergy with LPS.
Gene Therapy
Our experiments demonstrated that salmon sperm DNA exerted a similar inhibitory effect to CT DNA ( Table 2 ), suggesting that the inhibitory effect may be shared by other vertebrate DNAs.
The mechanism of the inhibition of bacterial DNA by CT DNA is not clear but presumably differs from the previously reported inhibitory effects of certain viral DNAs since those were unmethylated. 4 CT DNA was shown to inhibit the activation of NF-B and AP-1 by EC but not that by LPS (Figure 6 ), and these activated transcription factors are implicated in the induction of cytokines by CpG DNA. 22, 25 It could be that the methylated DNA specifically targets the signaling pathways activated by CpG DNA. The activation of NF-B by CpG DNA occurred through the generation of reactive oxygen species, 22 while that of AP-1 happened via the activation of the p38 and c-Jun NH 2 -terminal kinase MAPK. 23 Interestingly, inhibition was highly dependent on the doublestranded DNA structure since neither single-stranded DNA nor RNA was inhibitory (Table 2 ). Further study is required to elucidate how CT DNA inhibits the immune stimulation signaling pathways upstream of the transcriptional factors AP-1 and NF-B.
Four lines of evidence argue that the competitive inhibition of the uptake of bacterial DNA probably is not the mechanism by which CT DNA inhibits the immune activation by EC. First, serial dilution of both CT DNA and bacterial DNA did not affect the inhibitory effects of CT DNA (Figure 3) . Second, compared with the inhibitory CpG-methylated pGT, the MspI-methylated pGT was unable to inhibit the immune activation of bacterial DNA (Figure 7) . Third, when CT DNA was co-injected with pCMV-luc i.m. into mouse, the luciferase expression by muscle cells was minimally affected, suggesting that CT DNA did not inhibit the cellular uptake of pCMV-luc and luciferase expression (Figure 4) . Finally, CT DNA did not affect the uptake of fluorescein-labeled EC as analyzed by flow cytometry ( Figure 5 ).
We believe that the inability to inhibit the uptake of plasmid DNA and the strong inhibitory effect on the immune activation by CpG DNA make the vertebrate DNA or CpG-methylated DNA a candidate for the suppression of immune stimulation by gene therapy vectors. The co-administration of vertebrate DNA or CpG-methylated DNA with gene therapy vectors may greatly dampen the inflammatory responses elicited by the plasmid without affecting the gene expression. Further experiments will be required to determine the in vivo utility of CpG-methylated DNA for improving the safety and efficacy of gene therapy.
Materials and methods

Animals and in vivo procedures
Female Balb/c and C3H/HeJ mice of 6 to 12 weeks old were purchased from Jackson Laboratories (Bar Harbor, ME, USA). All mice were held under specific pathogenfree conditions at all times. For i.p. injection, the DNAs were dissolved in 200 l PBS. Balb/c mice were injected i.p. with 100 g EC in the presence or absence of 100 g CT DNA. Four hours later, mice were injected with the same reagents. One hour later, each mouse was bled under anesthetization with 0.3 ml Avertin. The blood was put on ice for 1 h and centrifuged at 10 000 g for 10 min to pellet the red blood cells. For i.m. injection, the DNAs were dissolved in 50 l normal saline. Balb/c mice were injected directly into tibialis anterior (TA) muscles with 2 g pCMV-luc in the presence or absence of 2 g CT DNA.
Cell lines and spleen cells RAW264 cells and murine spleen cells were grown in RPMI medium consisting of 10% fetal calf serum (Hyclone), 2 mm l-glutamine (GIBCO, BRL, Life Technologies), 2 × 10 −5 m 2-mercaptoethanol (Kodak, Rochester, NY, USA), 100 U/ml penicillin G (Sigma Chemical, St Louis, MO, USA) and 100 g/ml streptomycin sulfate (Sigma Chemical). Spleen cells were stimulated with EC at indicated concentrations in the presence or absence of other different DNAs for 24 h at 37°C in a 5% CO 2 atmosphere. In some experiments, C3H/HeJ spleen cells were used to exclude the possible interference from LPS. Our experiments have shown that bacterial DNA elicits similar immune activation in both C3H/HeJ and Balb/c mice.
DNAs and reagents E. coli (strain B) DNA, LPS (from Salmonella typhimurium), salmon sperm DNA, yeast tRNA and CT DNA were purchased from Sigma Chemical. Plasmid pGT was derived from plasmid pUK21, 4 in which over 70 CpG were mutated and was thus less stimulatory. All DNAs were purified with phenol/chloroform. Plasmid pCMV-luc encoding firefly luciferase was described before. 34 pCMVluc was purified on Qiagen anion-exchange chromatography columns and dissolved in PBS (Qiagen, Chatsworth, CA, USA). The endotoxin level in the DNAs was less than 1.7 ng/mg as assayed with Limulus Amebocyte Lysate QCL-1000 (BioWhittaker, Walkersville, MD, USA). Gey's solution consists of 0.0005% Phenol Red Solution (GIBCO, BRL, Life Technologies), 0.83% ammonium chloride (Sigma Chemical) and 0.1% potassium bicarbonate (Sigma Chemical) in water. Avertin consists of 2% 2,2,2-tribromoethanol (Aldrich Chemical Company, Milwaukee, WI, USA) and 2% tert-amyl alcohol (Aldrich Chemical Company) in water. Cell lysis buffer consists of 10 mm Hepes (pH 7.5), 10 mm KCl, 0.1 mm EDTA, and 0.1 mm EGTA. Nuclear extraction buffer consists of 20 mm Hepes (pH 7.5), 50 mm NaF, 440 mm NaCl, 20% glycerol, 1 mm EDTA, 1 mm EGTA, 1 mm DTT, 1 mm PMSF, 30 mg/ml leupeptin, 50 mg/ml aprotinin, 5 mg/ml antipain and 5 mg/ml pepstatin.
Labeling of E. coli DNA E. coli DNA was boiled for 10 min and quickly chilled in ice for 5 min. The denatured DNA was then labeled with fluorescein-12-dUTP using BioProbe Random Primed DNA Labeling System (Enzo Diagnostics, Farmingdale, NY, USA). Briefly, the denatured EC DNA, hexanucleotide primers, deoxynucleotide mixture containing fluorescein-12-dUTP and Klenow DNA polymerase were mixed in the final volume of 50 l distilled water, and incubated at 37°C in a water bath for 16 h. The fluorescein-labeled EC DNA was purified as following. The reaction mixture (200 l) was mixed with 40 l 4 m LiCl, followed by 800 l prechilled pure ethanol. After incubation at −70°C for 30 min, DNA was spun down at 10 000 r.p.m. in a tabletop centrifuge. The DNA pellet was washed with pure ethanol, dried at room temperature and resuspended in TE buffer.
Generation and methylation of plasmid pGT Vector pUK21, which contains a ColE1 replication region, a kanamycin resistance gene and a polylinker, was provided by Dr Martin Schleef at Qiagen (Qiagen, Hilden, Germany). 35 Plasmid pcDNA3 was purchased from Invitrogen (Carlsbad, CA, USA). The CMV promoter (from pcDNA3 position 209 to 863) was amplified by PCR and inserted into the pUK21 polylinker between XbaI and NotI sites. BGH polyA (from pcDNA3 position 1018 to 1249) was amplified by PCR and and ligated between XhoI and StuI sites of pUK21. Site-directed mutagenesis was subsequently performed on the vector by overlapping extension PCR as described by Ge and Rudolph. 36 Overall, 75 point mutations were generated to result in vector pGT. The sequence of pGT is available upon request. Plasmid pGT was methylated as described previously. 5 Briefly, plasmid pGT, together with SssI or MspI methylase (2 U/g DNA) and S-adenosylmethionine (New England Biolab) were incubated at 37°C in a water bath for 4 h. S-adenosylmethionine was added again and the mixture was incubated for another 4 h. The completeness of methylation was confirmed by digestion with HpaII and MspI. The SssI-methylated DNA was completely cut by MspI but not by HpaII. Plasmid pGT methylated by MspI methylase could not be cut by MspI. The methylated DNA was purified by phenol-chloroform extraction.
EMSA Murine spleen cells were cultured for 6 h with either 4 g/ml EC, 4 g/ml calf thymus DNA, 1 g/ml LPS, 4 g/ml EC + 4 g/ml calf thymus DNA or 1 g/ml LPS + 4 g/ml calf thymus DNA. Cells were then resuspended in a hypotonic buffer for 15 min on ice followed by addition of NP-40 detergent (0.1% final concentration) and centrifugation for 5 min at 1000 g. The nuclear pellet was resuspended in the extraction buffer and centrifuged again for 10 min at 14 000 g. Protein concentration in the supernatants was measured by Bradford's protein assay (Bio-Rad, Hercules, CA, USA) and samples were stored at −70°C before use. For EMSA, 32 P-end-labeled specific dsDNA-NF-B probe (5Ј-AGTTGAGGGGACTTTCCC AGG-3Ј, sc-2505; Santa Cruz Biotechnologies, Santa Cruz, CA, USA) or AP-1 probe (5Ј-CGCTTGATGACTCAGCCG GAA-3Ј, sc-2501 (Santa Cruz Biotechnologies) were preincubated with 1 g of nuclear extracts for 30 min at room temperature in a final volume of 10 l of the binding buffer (5% glycerol, 10 mm Tris-HCl pH 7.5, 50 mm KCl, 1 mm EDTA, 0.25% NP-40, 1 mm DTT, 100 g/ml poly (dI-dC)). Mixtures were loaded on 6% native polyacrylamide gels and electrophoresed in 0.5 × TBE buffer at 150 V for 50 min. Gels were dried and exposed to X-ray films for 6-12 h at −70°C with intensifying screens (autoradiography). Specificity of the NF-B and AP-1 bands was confirmed by competition experiments with 100-fold excess of the cold dsDNA oligonucleotides.
ELISA for IFN␥ and TNF␣ IFN␥ and TNF␣ detection was done according to the Cytokine ELISA protocol from PharMingen (San Diego, CA, USA). Briefly, flat-bottom Immulon 1B plates (Dynatech Laboratories, Chantilly, VA, USA) were coated with 2 g/ml rabbit anti-mouse monoclonal Ab overnight at 4°C. The plates were washed with T-PBS (0.05% Tween in PBS) and blocked with 10% fetal calf serum in PBS. Mouse sera or supernatants from cell cultures were added to the plates and incubated at 4°C overnight. After washing with T-PBS, 1 g/ml of biotinylated anti-mouse IFN␥ or TNF␣ Ab was added and incubated at room temperature for 1 h. The plates were washed again and 2.5 g/ml of avidin peroxidase (Sigma Chemical) was added and incubated for 30 min. After washing with T-PBS, 100 l of tetramethylbenzidine substrate (Sigma) was added and the plates were read at 650 nm on a microplate reader (Cambridge Technology, Watertown, MA, USA) after development for 30 min at room temperature.
Flow cytometry
Balb/c spleen cells (5 × 10 5 ) were incubated with fluorescein-labeled EC DNA at 4 g/ml in the presence or absence of CT DNA at the same concentration in 37°C incubator. Two hours after incubation, the cells were washed with PBS three times and resuspended in PBS and analyzed on a FACScan (Becton Dickinson, Mountain View, CA, USA).
Luciferase assay
Plasmid pCMV-luc (2 g) with or without CT DNA (2 g) was dissolved in 50 l normal saline and was injected i.m. into Balb/c mouse TA. Mouse TA muscles were excised 3 days after i.m. injection. Luciferase activity was measured using the Promega luciferase assay system (Promega, Madison, WI, USA) as described previously. 26 Data were plotted as group means + s.e.m. of relative light units (RLU)/s/mg protein, with protein contents determined by the BioRad microassay procedure (BioRad, Mississauga, ON, Canada).
